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SHORT IYAVELENGTH STRIATIONS 03’

EXPANDING PLASMA CLOUDS

D. lVinske and S. P. Gary

Los Alamos National Laboratory, Los .41amos, Nil 875-15

.4BSTRACT

The growth and evolution of short wavelcngt h ( <ion gyroradius ) flute mock or) LI

plasma expanding across an ambitmt magwtic field have been actively sLudirti ill rcccnt

years. both by means of experinwnis in the laboratory as well as i!l sj)ace iiIi(_l tllrollgll

mm:criral simulil!ions. \! ’(=rcvir~v [llr 1(’]~~yi\Ilt ol)st:rvatimls and sj]nultition results. r~isclls>

the instability mccllwlism and r~liitrd linc,v theory, nnrl drscritw rtwrxlt \vOIk to brill~

exprrimcnts and thw)ry into Iwttrr tigrcrll)t~llt.

I. ISTROD1-CTI[)X: :) BSER\..+TlOYS AXD SI\lLL.%TIOXS

(,il.llrfllI . i11)11 L:)”llllil( Ill’. . Ijl]ili I’lllllli ‘.1;1’1, !I1l’i,

11,,11, ) I !Illtl, I 1, (1) Illlllil,. Slllill; ll ]llll’1 1(11111 11!1

I



●

-can be produced in the laboratory by means of a gun [3] or iascr generated I)l~IIli~ !-l-G]

expanding across an externally applied magnetic lield, In all cases the instability kads to

modest size filaments on the surface, but not to the breakup of the cloud. TIM striati(ms

observed in [41 were similar those seen in the .4hl PTE releases in that tlwy tended 1(J

disapp~ar as the cloud started to rccollapse, The structures in [6] were longer ]ivcd: tll(~

ends of the flutes did not seem to be slowrd by the magnetic field, but instead col~tinucd to

freestrmrn and later sometimes bifurcated, J\:hile the wavelengths measured in [3] ml(l ~-1~

im.ricd inversely m’ith t IN*magtwt ic !i(’ld ( k _ 130, 0 ~. 1), those in [G] IV(WCindeprlldtvlt (J

B. Tllesr ohsrt-vat ions l~avc Ic. 1to a rigorous ~an)l)itigll of plasma simulat i,)ll rind tllrf]rt~t ic:d

amdysis in the k..t fcw years (see [7] for a review), thr prmwnt status of wilich is Ill)d:itr(l

in this pi]~)~r.

In additio]] to thr exprrimentid results, numerous cornputm sinluli~ticms l~rIvr hcllwf]

to Clllcidhtr the tlll(lcrlyillg IJliysirs t’f tllc ir]still)ilit~. Silnulntiolls llnvr 1](’cl] carri(’tl (~111

!S,9] :111(I f“lWtro]llilgllrt il. ])ilI”li Ch” Ct)(h’s [I O,] 1], hyl)rid C[)(lv> f])illli(”ll’witli f’l!’(-trostiltir ,

iom, fllli(l t’lwtrmls ) [] 2,12!, mI(i \lllD CO(!Wwith thr Hid] trrn] [lq] ill vilriolls g(v)IIItIIrl(’~

in IM)[}l I\l’1) ilIl(l t)lrw’ Sl)iltiiil (iillwllsiolui. T]](* fi~rt tli~~t ill] of t 11(~~(~CUIC\ll;iti(uls SII(]N

t IIr (It’t’t”lo])lll(’llt f)f t IN’ illst nt)ility silw,rsls n robllst grlwrntioll lllrrllllllislll tllill is 1101

sm)sitivr to IIIC (lc~tnils (}f t})r ])1 Iis III:I stntc, A!l t“xum]df’ of 011(. SIl(’11SiIlllllii~ .1)11 [ 1 l! 1’.

At l:llf’1 Illllf”l Illf’ IIlllf’1 f’fl~c”~(1f tlII’ llr’rtllll~l~li(lll+ muItil IIIv to flf ’!%lll’;llll (Ill f!f’; lltl. till l’.!
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-on the surface coalesce to longer ~~ii~elengths. and the central region starts to recoll;ll)s(:.
b

Corresponding pictures for the magnetic field not km-n here indicate that in the twpa~~siml

process the magnetic field is excluded fronl the center, forming a diarnagnmic cavity.

The calculations in Figure . wme done with an electromagnetic partich’ code. Sillli-

lar calculations in the electrostatic limit [6.!3] indicate that the surface modes develop ill

the ion and electron densities (usuolly .smm first in the electrons), but no magnetic cavity

forms. Electromagnetic ~imu.lations in which the clectr(ms arc treated .W a II:WJCSS flui(l

[12] also yi(’]d illstability, but onc \vl,ich grows sotn~~~hiit morr slo\vIY at a wawlcngth ~ha~

is detcrmimwl I)y tlic grid sizr. and a nonlinear state wlwrr the filwnellts caIl hw(mI(I lmg(’

enough to break off from t IN*maill column, The insti~hili[y apjwars to ~rCJ\V s~In~\vlliit

faster whrn the calcuhitiwls arc cnrric(] OU[ in 3-D. Tlw surfticr modrs are also obstmwl

modrls CII)])lliLSiZ(’ diffrrrnt l)llysics, il numtwr of ~~l)lil]lilf ions lll\V(’ 1)(’(’11 pr(q)(w(t to ill



II. THEOR}’: INSTABILITY MECHANISM AND LIXEAR .4 X.4 Li”SIS
.

The mtchtism by which the instability is exci~ml has become WCI1undcrstom! in

recent years [7,10.15,16], Because the spat ial and temporal scales of the unstable wavm art’

shorter than those associated with ion gyromotion, the ions are essentially urunagnel izrd.

While unconstrained by the magnetic field, the ions are nevertheless slowed by a radiid

electric field [Z, ) that wsults from charge separation with the electrons that itre st rcmgly

tied to the magnetic field. TIUI prowss is depicted in Figure 2. ThtI ion monllmt UI1:

dl; r + T, dn,
1?Er

= ““T ‘—
= -m,g - T, f,,

n, dr
(1)

whcrr T,, n,. mId 1ir ar~ thr it)11trmprrat um. density, and radid vehxit y rrspwt iw.ly,

“ffn, /dr( > [)) ~illlnnd thr chwlwntit]:] g = -A ;,/dr( > (1) nnd cknslty grnd.wnt F,, = -n,

also hr drfhwd. III thr prmmwr of tk c+rt ric field. thc el~ctrons drift aximut lliill~i t !wk

F x F drift i!, giwvl I)y

imll
!-
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-as usually ignored.In the case of expanding plasmas. howm’rr. the contribution to t]lc’
.

electric field from the deceleration can be dominant. and the instability can persist in tlw

limit 1; = O (e.g., the simulations in [12]). Onc also noted from Eqs. ( 1-2) the absence

of dependence on electron properties. The radial electric field can arise either from local

charge separation effects in full particle simulations or from the quasi neutral approximatiml

used in the hybrid code formations.

Instead of concentrating on the radial ekctric field, OXMcan emphasize the roll’ c)f

the decekat ion

density gradicn(

physical analon

“g’”. Thr fnct that the instabi!.ity results when the dccelcratiml ~li[l tIi(.

MC oppositely ditmtly (tng > 0 ill the prcsmlt nota:iml ~. sugg~’s[s iI

with the Rayleigh-Taylor instability. Howrvcr. as pointed out by H:issarll

ttl(’ ilZIIilll[llili

of Cll(’ ]JI; LSIII:I,

(.()](1 f,lt,l.ll (1111. IIllrlllll’
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with velocity I’E relative to unmagnrtizeci ions. For example. in [9.1S] the di.sprrsio]l

equation is dcrib.ec! in the electrostatic limil with finite elertron temperature. \vhilc ill

[10] cold electrons are assumed. but electromagnetic contributio:ls are inclucki, Figurl’

3 displays an exzunple of the instability properties obtained from a numerical solution of

tht= local. electromagnetic dispersion equation [10] with 5’, = 8~n,T,/B~ = 0.2. T, = 0.

\;/1”~ = 1 (lJj = 13j/47rn,m, ) and 1~/1~.A = O [left panel] and ~‘g/l”A = 3 [right panrl~.

The dashed curves correspond to the growth rate, solid cumes cumes to the real frequcnc]”:

both are normalized to the ion cyc!o ron frequency Q, = cBO/m, c. TIN’ wavtmurnb(’r is

normalized to the ion inertial lcrlgl l:. c/e’, 1-.: = 4~n, c2/m, j. The curvrs in t hc lt’ft

panel correspond to th~ caw where g= 0 (usual lower hybrid drift instability). Tllr \~ii~”(j>

are unst al-k over a broad range of wavcnumbcrs. with maximum grmvt]l occurring at

short wavelengths. kc~.; z 140. cmrcsponding to kC/W’c = 3.5 ( r~~l/~nc = 1636). .~t li

corresponding to maximum growth. ? - -, + fl.i~’~}f, Wl)ere t iIe lower hybrid frrqm”. (-y

ih -’[-~{ 2 (Qtfl, )’ ‘2. The ullstablc wavr sprctrurn rxtcnds C!OWI1to k ~ 0. wlwrr ~ :>. -,.

Tlw additiml of a nollzcro (l(l~clcril~ ion ( \ ~/lO.+ = 3, right piillcl ) 11(M 11 Sigl]ifiCiUlt (’ti!’(-l

on tll~ II I(KIC struct urr. TIIC maxl:llurll grr)ivl ]1 rate is llOW ]arg(, r (~I)oll~ ~ factor of tlv()I

ald occurs i:! longrr Wtvclenglll ( itlx)ut a factor of two I. whilv -’r + ~ ctmtillum t[~ IIol{l

at maximum growth. In additim. tlw growth rate for kr/w* + 0 is l]IuclI linger thun WIII’11

g=() Ul(l ~, rrw]tills wry s[ll;lli.



rele~ and in laboratory experiments. However, the obsemed striations are often longer

in wavelength. For example. in the AMPTE barium release of 21 March [1], there were

about 24 evenly spaced flutes on the surface of the barium cloud as it reached its final size,

radius ~ MO km. at a time Q,t ~ 1. Using measured values of the density. this cormspcmds

to a wavenumber kc/~T, ~ 20 [11]. Linear theo~, however, yields a maximum growth rate

7 ~ ~L.H ~ 500 f), at kc/-”m + 400. In addition, the time lapsed photographs suggested

that the striations were roughly stationary on the surface. imply &IT= 0. instead of LI, - ?.

as indicated by the thmry. Discrepancies of comparable magnitude exist for cxperirrlents

involving la.w.r Produced plasmas cx:>alldi:lg across strong (O. 1-1.OT ) magnmic fields IC!.

so that one cam-m dismiss the differences as merely due to uncertainties in the pararwtcrs

(although such unrcrttintirs do exist ).

An altm-nat ivr approach to predict irlg thr mode structure is to start wiLh the obscrv:l-

tiontd fact that the wavelengt]ls arr long. kc/~’, * 1 and eliminate the elcc[ron dynanlics

first off. Tllr resulticg fluid dmcriptiml [15.16] yields a simple clispersioll relation tllnt

S!lows -; - k . ~’, a 0. whiril is ccnsistmlt with the kinetic treatnlcllt in tlw Iizlit k - ()

[1O.1G1. Howmm. sint-c the throry o~,ly gi\vs tl~e scaling ? ~ A-,sorer additional ,J),ysic>

must srill be added t o drtrrmillr t hc wavelcngt h.

7



111. RECENT IMPROVEMENTS TO THE THEORY
.

To reconcile the difference between lir.ear theory and the observations, anumberof

additional effects have been propmed and investigated. We briefly describe a number of

these: (.4) 3-D effects, (B) nonlocal linear theory, (C) finite beta effects, (D) collisions, (E)

nonlinear theory, and (F) electron processes.

A. 3-D EXects

Plasma expansions iii three dimensions hawe been carried out with both electromag-

netic ptirticle [19] and massless electron hybrid codes [12]. Compared to 2-D. the instability

appears to develop f~ter and at a slightly longer wavelength The results are consistent

with a larger effect i~’edeceleration in three dimensions compared to 2-D. Gisler and Lemons

[Qo] have .Ompued .fious exp~sion models (2-D ad 3-D ~pa.nsions everywhere per-

pendicular to the nmgnetic field as well as 2-D aaoss the field with free expansion along ~)

and concluded that g is about 20?% larger in 3-D as compared with 2-D. 11’bile not a large

effecl. it is the direction of bringing the theory and experimental results closer together.

B. Nonlocal Efkts

\Yhilc the linear analysis described in Section 11 was carried out in the local approxi-

mation. it is evident from t hr simulations (e. g., Figure 1) and observations that the plasln:l

compresses into a shell as it expands, Thus. the inclusion of realistic riidiid profi!rs is n

natural rrfinrment of tlw theory. Lmmms 121] has dcmr a sluq bounciarv annlyris in t 11(’.

elertrfwtatir limit. wllilr HtllJ;i et al, [22] lw.ve condurtm{ a study bawd 011 tllc]r modifi(.(1

fluifi Cqunfifnls 1;) tlm slmrt waw’h-ngt 11liluit [21], t 11(W is lit dc CiliLIl~(”: mnxilllum gro\vl i)

8



occurs at about the same wavelength as in the local treatment. At longer wavelengths
.

both methods yield growth rates y proportional to k] i2 instead of k (whi~ h makes the

spectrum similar to that of the usual Rayleigh-Taylor instability [16] ), as four. d earlier by

Peter et al. [23], However, in the long wavelength limit, while the radial profik can a.Rect

the value of the growth rate, the azimuthal wavenumber (i.e., the observed quantity) re-

mains undetermined. One can verify that the growth rate actually varies as k 112 by means

of electromagnetic hybrid simulations [12]. When the initial cylinder of plasma expands

outward with negligible thermal speed of the ions (compared to an expansion speed of

about the Alfven speed), the most unstable mode is the shortest one allowed by the grid.

Y * &, where km is the m=imurn ~avenu~ber * inverseof the gfid sp~ing- Figure 4

shows the results of several simulations with identical initial conditions, varying only the

grid spacing. It is evident that ~ z k~’2, rather than y x km, consistent with the non!ocal

scaling.

C, F;nite $, Effects

Another logical extension of the linear theory is to include kite ~, corrections, as has

been done previously for the lower hybrid drift instability [24]. lfrith g # 0, this remains

a straightforward, bllt tedious task [2s]. Analogous to the g=O results, the effects of fiiuitc

Be when g # O play a relatively minor role. They tend to reduce the growth ra~e at short

wavelength and have less effect on ~ as k + O. one suprise is an enhancement in gro\vth

at small k in some parameter regimes i25], which may actually lie on a different branc]l

of the dispersion equation. perhaps rclatml to the usual (magnetized ion) Rnylcigl~-Taylor

instal ility, Bccaust= finitr d dfm-ts tctld tc rcducr tlw growth ratr. onr hw to ~Ic ~iu’~’fill

9



-that the assumption of unmagnetized ions is not violated ( Itil > fli ). This difficulty can
%

be avoided by going to a Gordeyev representation for the ions [24,26] which allows onc to

cross smoothly from the unmagnetized to the magnetized regime. Overall, such additions

to linear theory give one a more complete and consistent picture of the mode structure,

but do little to reduce the differences between predicted and observed wave properties.

D. Collisions

The efect of collisions between the expanding plasma and a background is also in-

teresting and readily adaptable from previous work on the lower hybrid drift instability

[~?]. Whle not ~levmt to the AhfPT~ b~um reie~s (the waves being seen long after

the barium was ionized), collisional ~ects may be important at early times in releases in

the ionosphere [2] and can be simulated in the laboratory [6], The dect of collisions of

electrons with neutrals or ions is to reduce the growth rate of the instability, the largest

reduction occurring near k corresponding to maximum gxowth without collisions, with

smaller reductions at longer wavelengths, The wavenumber corresponding to maximum

growth is not tiected. Collision frequencies well in excess of the linear growth rate arc

needed to quench the instability. Collisions involving ions with neutrals or electrons enter

in two ways, First, as with electron collisions they reduce growth rates, but, only small

amounts (ion collision frequency < Iinea- growth rate without collisions) are needed to

quench the instability. More significantly, ion collisions act to oppose the charge separation

electric 6eld; they thus tend to reduce g, hence lowering the maximum growth rate and

shifting it to shorter wavelengths.

10



.
Collisional effects can also be studied by mwms of simulations. Figure 5 shows ion

density contours from three 2-D electromagnetic particle simulations. The left panel is

from a run with no collisions ad shows a well developed flute instability. The middl:~

panel is from a similar run but where electron (Kook model) collision: have been added

in. The instability is still present, but weaker, and the cloud is more diffuse. Icn collisions

have been included in the simulation in the right panel; the instability has been suppressed

Collisional effects on the instability have also been iru’estigated in the laboratory by varyixl~

the background gas pressure i:. laser produced expansions [6]. As the background ~ii~

pressure is raised (increasing :he collision frequency), the surface structure 1 remail] at

about the same wfivelengt h. but become fainter and eventually disappear, in qualit at i\m~I

agreement with theory,

E. Nonlinear Theory

Nonlinear processes have alscl beer, stlndicd, and given that the linear effects discussr(!

above do not bring cxpcrimcnts and theory into agrccmcnt, they remain the most promisin~

of explaining the diffcrcnccs. Tlic nmin rmlllinciir effects involve trripping of tl]t~ iull:+

non]incar mode coupling, simililr to that which is o!mr\”rd for the g=(.) ]owrr hylwi(]

drift instability [28], The principn] diffcrcncr when thv C1OIN1is cxpancling is tl]i~t t III’

dccrirrnt.ion of Lhe ioxls rnnilltains the rndinl elm-tric field uld thus umtinucs to drivr tll{~

inst~ibilit,y hy kccpitlg tlic azimuthal rlcctroll-i(J1i drift Iurgr. Tlw rlrctrlc firl(! flurtu;iti(nls

thllt

[10].



from the simulation displayed in Figurr 1. One s~-es the grmvth of short wavelength motlt>

thr,,t coalesce to longer wavelengths at later timrs. From the moticu~ of t hc phm(l fro; ~ts

one can also infer the real frequel.ry of the domixlallt mode is about ~1~}1 ht carl), t il]~t”s

[11], but becomes almost zero near the end of the expansion. Numerous other mns ovm ~1

rmge of parameters yield similar results and shmv that the amount of coalescence achievt’d

(i.e., the ratio of the dmninant nonlinear wavelength to

only about a factor of two or thmc. H:nvevcr, because

the dominant linear wavelength ) is

the particle simulations follov. tllci



.

It should aho be noted that the kry prmmwtrr for drtrrmining Ihr ill~llt}rtiulc(’ [Jf INIII
-,

linear ●ffects WPIUSto br p, /Rn, thv rat it) of Iho im: gyrormlius using tht. i[llt jiil dir~lrtv(I

velocity of the ions to the firm] ~xpiulsi~ll radius of thr cloud [1 l]. JYIWII I ~ H l;,. l-}.. is

proportional to p, /R[j. so that it is sorer mcimwr of the frrw ermrgy for t hr ins! :il)ili[y

The laboratory ●xperiments [4-c] and the Ahl PTE barium releasm [1]. whcrr siglliticim

growth of the waves occurs. arc characterize! by pl/Rlj >1. On the rxhcr lmnd. nrit umlly

occurring diamagnetic cavit it=s Me observed infrrqurnt ly upstream of the bow shock [30!.

The sp~mcraft dat n yield lit th’ vvidrnrr for surface wnvm of significant tunplit u(Ic”(w WMI-

ciatrcl pkma heating: in this ~iist’ p,/RIJ < 0,1. Pnrticlr simulut ions [11] cmriml (NICmv’r

a rangr of p,/ )?II also imlirntr L]Jilt thr iusc uhilit y dm’rlops smhlkr surfncr tilmm’llts m

Pi/~n is rcduc~dl ~hil~mlk~~r t.xp~.rimcms [5] sugg~.st Ih~t significant anmmhus dif?usiwlm

implying Mstrong instnbi]ity. (wrurs only f[)r p,/l?Ij > 1.

F. Elrrtron Prmwssrs
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Figure 3. Results of linear theory showing real frequencies (solid. cur~~cs) and growth
.

rates (dashed curves ) versus wavenumber for: [left pruwl] no deceleration. 1~ = O. and

[right panel] 1: = 3tJ~.

Figure 4. Results of a hy bnd simulation showing growth rate versus km ( x inversr of

the grid spaci:lg); T z km]‘2 confirms the scaling of the nonlocal theory.

Figure 5. Results of electromagnetic particle simulations showing ion density contollrs

at the same tinw from different runs: [left] no collisions. [ccntm] elvctron collisiw~s

added, [right ] ion collisions includvd.

Figure 6. Density pcrturbatiom cm the surface of the cxptmding cloud shown in Figuu’

1 versus azimut ha] angh- fit various times showing cwdesccnm of the nlock’s.
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